Synergistic extraction of lanthanoids(III) (Ln) with β-diketones and electrically neutral ligands or Lewis bases has been widely investigated. The synergistic effect is explained by the formation of an adduct between the coordinately unsaturated tris(β-diketonato)lanthanoid(III) and the neutral ligand in the organic phase. In general, the adduct formation has been ascribed to the displacement of residual coordinated water molecules of the Ln chelate by the neutral ligands.
coordinately saturated metal(III) chelate in the organic phase. Furthermore, the enhancement effect or the synergism of those coordinately saturated chelates significantly depends on the central metals and ligands of them.
In this paper, the effect of tris(4-isopropyltropolonato)cobalt(III) (Co(ipt)3) on the extraction of Ln with Htta in benzene is reported.
The magnitude of synergism is evaluated by determining composition and formation constant of the adduct between Ln(tta)3 and Co(ipt)3 in the organic phase. Furthermore, a spectrochemical study of the adduct formation was performed by electronic absorption and infrared (IR) spectroscopy, especially to clarify the behavior of coordinated water molecules of the Ln chelates in the adduct formation. The synergistic effect of Co(ipt)3 as a Lewis base or a complex ligand is discussed and compared with that of tris-(acetylacetonato)cobalt(III) reported previously. 12, 13 
Experimental

Reagents
Tris(4-isopropyltropolonato)cobalt(III) was synthesized by ligand exchange reaction of sodium tris(carbonato)cobaltate(III) with 4-isopropyltropolone. Tris(carbonato)cobaltate(III) was prepared by the usual method. 15 Purification of Co(ipt)3 was thoroughly performed as follows: The crude product was dissolved into chloroform and repeatedly washed with 1 M (1 M = 1 mol dm -3 ) sodium hydroxide solution, 3 M sulfuric acid, and water for five times each. After concentration, the chloroform phase was passed through a silica gel column (Wakogel LP-60, 30 mm i.d. × 105 mm) and then an alumina column (Wako, activated alumina, 300 mesh). The chloroform eluent was evaporated to dryness, and the resulting Co(ipt)3 was recrystallized from chloroform-heptane and dried in vacuo at 100˚C. The identification was performed by the 1 H-NMR (JEOL GSX-400) and the elemental analysis (Found: C, 65.57; H, 6.11%. Calculated for Co(C10H10O2)3: C, 65.69; H, 6.06%). Furthermore, the purity was checked by HPLC with an octadecyl/silica gel column (ODS-2, 4.0 mm i.d. × 100 mm) and 20(v/v)% water in methanol as a mobile phase. Only the intense peak for Co(ipt)3 was observed on the chromatogram, showing that the Co(ipt)3 obtained was of high purity.
A solid chelate of Eu(tta)3(H2O)3 was synthesized by the method reported previously. 11 Ln stock solutions, Htta, benzene, and other reagents were the same as those used previously. 11, 12 
Extraction procedure of Ln ions
An aqueous solution of 1.0 × 10 -5 M Ln at pH 4.0 -5.1 was shaken with an equal volume of benzene containing 5.0 × 10 -3 -5.0 × 10 -2 M Htta in the presence or absence of Co(ipt)3 (2.5 × 10 -4 -3.0 × 10 -3 M) for 1 h at 25˚C. After phase separation, Ln in the aqueous phase was determined with a Nippon Jarrell Ash ICAP-575 inductively coupled plasma atomic emission spectrophotometer (ICP-AES), and Ln in the organic phase was determined by the same manner after stripping Ln into 0.1 M perchloric acid. The distribution ratio (D) of Ln was calculated from the Ln concentrations in both phases. The equilibrium pH was measured using a Radiometer PHM93 REFERENCE pH meter with a combination glass electrode calibrated using usual pH standard solutions just after phase separation. The ionic strength of the aqueous phase was maintained at 0.10 M with sodium perchlorate.
Spectroscopic measurements
Sample solutions for the measurement of electronic absorption spectra of an adduct were prepared by mixing a benzene solution of Co(ipt)3 and a Ln(tta)3 solution prepared by the solvent extraction of 1.0 × 10 -2 M Ln with 1.0 × 10 -1 M Htta in benzene at pH 5.7 -6.3. Those sample solutions were subjected to a JASCO V-560 UV/VIS spectrophotometer with a 10 mm cuvette at 25˚C. The sample solution for IR measurement was prepared by the same manner except that 3.0 × 10 -2 M Htta equivalent to the total concentration of Ln was used because of the suppression of an excess of Htta in the sample solution. The concentration of the free Htta in the organic phase was less than 9 × 10 -4 M. IR spectra were measured with a Shimadzu-8200A FT-IR spectrophotometer at 25˚C. A demountable liquid cell with calcium fluoride windows was used and the path length was adjusted to 1 mm. The water content in the sample solutions was kept constant at 2.0 × 10 -2 M using benzene saturated with water and anhydrous benzene. In the IR experiment, an anhydrous benzene solution of Eu(tta)3(H2O)3 was also used.
Equilibrium analysis
The distribution ratio (D0) of Ln in the extraction with Htta can be expressed as follows: (1) where the subscript org denotes the organic phase. When Ln(tta)n (3-n)+ chelates in the aqueous phase can be neglected, Eq.
(1) is rewritten as follows:
where KHA and PHA are the acid dissociation constant and the partition coefficient of Htta, respectively. Kex denotes the extraction constant for the following equilibrium:
Ln(tta)3,org + 3H + .
Supposing that Co(ipt)3 acts as a complex ligand, the distribution ratio (D) of Ln with Htta and Co(ipt)3 can be expressed as (3) When tta chelates in the aqueous phase can be neglected, Eq. (3) is rewritten by using Eq. (2) as follows: (4) Here βs,m is the adduct formation constant in the organic phase corresponding to the following equilibrium:
When the tta -concentrations are equal in Eqs. (2) and (4), the following equation is derived:
Hence the enhancement of the extraction of Ln can be considered to be a function of the Co(ipt)3 in the organic phase.
[Ln(tta) 3 
Results and Discussion
Synergistic effect of Co(ipt)3
The extraction of Ln with different concentrations of Htta was carried out in the presence of a constant concentration of Co(ipt)3 in benzene. Since Co(III) chelate has been known to be quite inert, it was not necessary to consider the dissociation or decomposition of the chelate under the given conditions. In fact, it was ascertained that the distribution ratio of Eu in the presence of 3.0 × 10 -3 M Co(ipt)3 did not vary during the shaking for 0.5 -3 h. Figure 1 shows plots of the logarithms of the distribution ratio of Ln against log[tta -] in the aqueous phase. The tta -concentration was calculated from the total concentration of Htta (CHA) and pH as follows: (8) The literature values, log PHA = 1.62 16 and log KHA = -6.23, 17 were adopted in this paper. The significant enhancement of the distribution ratio, especially of La, is found by the addition of 3.0 × 10 -3 M Co(ipt)3; the D values of La, Eu, and Lu increased by a factor of 340, 13, and 2, respectively. All the plots give straight lines with a slope of 3 as expected from Eq. (4). Therefore, three molecules of tta -bind to Ln ion irrespective of the presence of Co(ipt)3.
Plots of log(D/D0) toward log[Co(ipt)3]org in the extraction of various Lns with Htta and Co(ipt)3 are shown in Fig. 2 . The equilibrium concentration of Co(ipt)3 in the organic phase was taken as the initial concentration of Co(ipt)3 because of its high partition coefficient. The D/D0 values of respective Lns increase with increase in the Co(ipt)3 concentration. The plots of La to Pr show straight lines with a slope of unity in the higher concentration region of Co(ipt)3. Also in the Nd to Lu case, the plots approach straight lines with a slope of unity. These results indicate the formation of a 1:1 adduct such as Ln(tta)3(Co(ipt)3), i.e., a binuclear complex, in the organic phase. The βs,1 values were determined by applying a nonlinear least-squares method to those plots based on Eq. (7) and are listed in Table 1 18 in carbon tetrachloride, 10 4.83 , and La(tta)3(2,2′-bipyridine) 19 in benzene, 10 5.36 . Figure 3 shows the variation of the βs,1 values across the Ln series. The βs,1 values decrease with increase in the atomic number of Ln, and show the large difference between the light and the heavy Ln. Furthermore, the βs,1 values except for Pr and Nd were larger than those of the adduct of the corresponding Ln(tta)3 with tris(acetylacetonato)cobalt(III) (Co(acac)3) as reported previously. 13 This result is associated with the difference of the basicity between Co(ipt)3 and Co(acac)3 as a complex ligand, and the details will be described later.
Spectroscopic studies of adduct formation
To understand the large difference of βs,1 between the light and the heavy Ln, we investigated the bonding or the structure of the adduct by spectrochemical studies such as electronic absorption and IR spectroscopy. ratio of Ln(tta)3 to Co(ipt)3. The plot of each Ln from La to Sm well fits with two straight lines having an intersection at CLn/CCo = 1, which corresponds to 1:1 stoichiometry as expected from the extraction equilibrium analysis. To determine βs,1 of the adduct, the following equation was derived with respect to the apparent absorbance of Co(ipt)3 at 620 nm.
where ε and εCo denote the molar absorptivity of complexed Co(ipt)3 in the adduct and free Co(ipt)3 respectively, and CCo and CLn mean the total concentrations of Co(ipt)3 and Ln(tta)3, respectively. The logarithmic values of βs,1 were calculated by a least-squares fitting (SigmaPlot, SPSS Co.) for the plots in 
values calculated by using Eq. (9) and the βs,1 values obtained, and are in good agreement with the experimental plots for all Ln chelates including the heavy Ln. The βs,1 values are summarized in Table 1 along with those obtained by the extraction. The values determined by both methods are reasonably consistent with each other, although those obtained by spectrophotometry are slightly higher than those obtained by the extraction. As described previously, 14 since water in benzene influenced the formation of the adduct such as Ln(tta)3(tris(8-quinolinolato)cobalt(III)), a little difference of βs,1 is probably due to the difference of the water content in the benzene solution in the two methods, i.e., 2.0 × 10 -2 M H2O in the spectrophotometry toward 3.1 × 10 -2 M in the extraction method.
The hypsochromic shift of the d-d absorption band (∆λmax) of Co(ipt)3 which was induced by the adduct formation was estimated in the presence of the highest concentration of Ln(tta)3 in Fig. 4 , where the percentages of Co(ipt)3 complexed with the tta chelates of La to Eu, Gd, Tb, Er, and Lu were calculated to be 99%, 92%, 88%, 81%, and 78%, respectively, using the βs,1 values. Figure 5 shows a correlation between ∆λmax and log βs,1 values. The molecular structure of Co(ipt)3 is expected to be a slightly twisted or distorted octahedron, in analogy with that of tris(tropolonato)cobalt(III) determined by X-ray crystallography. 20 Since the ligand field stabilization energy of Co III (low spin d 6 ) depends on the degree of the distortion from the octahedral structure, 21 the ∆λmax values observed should be associated with a change in the structure of Co(ipt)3 on the adduct formation. In Co(acac)3 having a rigid octahedral structure, no shift of the d-d absorption maximum was observed at all. 12 
IR
It has been known that Ln-tta chelates have two or three coordinated water molecules even in the organic solution because of the high coordination number of the Ln ion. 22 Therefore, if Co(ipt)3 directly coordinates to the Ln ion in Ln-tta chelates, some water molecules should be displaced in the inner coordination sphere of Ln. The behavior of the coordinated water molecules on the adduct formation was studied by IR spectroscopy. . These narrow bands have been assigned to the free O-H stretching vibration of the coordinated water molecule, and the broad band at the lower wavenumber region has been ascribed to the coordinated water hydrogen-bonded with the oxygen atoms of the ligand (tta) in Eu(tta)3.
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As shown in Fig. 6 , the absorbance of these three bands decreases with increase in the Co(ipt)3 concentration, and alternately the two intense peaks corresponding to free water appear and gradually increase. These observation demonstrated that the coordinated water molecules were displaced by Co(ipt)3 and released as free water. Namely, this is indicative of the inner sphere (direct) coordination of Co(ipt)3 to the Eu chelate. However, the absorption band of the coordinated water, especially the broad absorption band, can be observed even after the Eu chelate completely formed the adduct with Co(ipt)3. This reveals that the coordinated water is not completely removed from the inner sphere of Eu.
The IR method was applied to the Nd, Gd, Er, and Lu chelates which were prepared by the extraction method. Figure 7 shows the IR spectra of the hydrated Lu chelate in the presence or absence of Co(ipt)3. There are absorption peaks corresponding to both coordinated water and an excess of free water (0.02 M) in the spectra. The variation of the spectra for Lu is obviously different from that for Eu. The absorbance in the broad band increases with increase in the Co(ipt)3 concentration, but the absorption band of free water scarcely changes. These spectral changes strongly suggest the formation of a new hydrogen bonding of the coordinated water molecules with Co(ipt)3. Namely, the adduct was formed by the hydrogen bonding between the hydrogen atoms of the coordinated water molecules and the ligand (ipt) oxygen atoms of Co(ipt)3.
The change in the absorbance of Ln(tta)3 at 3320 cm -1 is shown as a function of the molar ratio of Co(ipt)3 to Ln(tta)3 in This indicates that the coordinated water is displaced by Co(ipt)3, and only the inner sphere complex exists in the solution. The Er and the Lu cases show the increase in the absorbance, which is ascribed to the formation of hydrogen bonding between coordinated water molecules of Ln(tta)3 and Co(ipt)3, i.e., outer sphere complexes. In the Eu case, the change in the absorbance was slightly smaller compared with Nd, which suggested that the outer sphere complex also coexists in part. Gd indicates that the fraction of the outer sphere complex is much higher than those of Nd and Eu. The unique variation of Gd is probably due to the contribution of both inner and outer sphere complexes.
Synergistic effect of Co(III) chelate toward the light and the heavy Ln
Co(ipt)3 having three coordinating oxygen atoms on an open octahedral face can act as a terdentate ligand and directly coordinate to the central metal of the light Ln chelate, of which the coordination number (CN) is usually 9 in solutions. This type of adduct should be most stable in the organic phase, which causes the remarkable synergistic enhancement. On the other hand, in a heavy Ln such as Er and Lu which have the CN = 8 and the small ionic radius, only the outer sphere complex is formed, because the Co(ipt)3 molecule cannot enter the inner coordination sphere of the Ln(tta)3. Since the middle Ln, Eu and Gd, has an equilibrium between CN = 9 and CN = 8, both types of the binuclear complexes by inner and outer sphere coordination coexist in the solution. The structure of the adduct changes from the inner to the outer sphere type with decrease in the ionic radius of Ln, and this results in the decrease in the synergistic effect.
The βs,1 values of the adduct of Ln(tta)3(Co(ipt)3) are larger than those of Ln(tta)3(Co(acac)3) reported previously 13 except for Pr and Nd (see Fig. 3 ). In our previous paper dealing with the hydrogen-bond ability of tris(4-isopropyltropolonato)-iron(III) and tris(acetylacetonato)iron(III), the former indicated a hydrogen-bond accepting power higher than that of the latter. 10 The difference between Co(ipt)3 and Co(acac)3 961 ANALYTICAL SCIENCES AUGUST 2001, VOL. 17 Fig. 8 Relationship between the variation of the absorbance for coordinated water of Ln(tta)3(H2O)n at 3320 cm -1 and the molar ratio of Co(ipt)3 to Ln(tta)3. , Nd; , Eu; , Gd; , Er; , Lu.
observed at Er and Lu in Fig. 3 may be ascribed to the difference in the hydrogen-bond accepting power of the two Co(III) chelates, since Co(acac)3 11 and Co(ipt)3 formed the outer-sphere hydrogen-bond complexes with the hydrated Er(tta)3 and Lu(tta)3. The lowering of the βs,1 values for Co(ipt)3 observed at Pr and Nd is probably due to the steric factor between Co(ipt)3 and those Ln(tta)3. Since Co(ipt)3 and Co(acac)3 form the inner sphere complexes with the light Ln chelates including Pr and Nd, the steric factor arising from the difference of the structure between the two Co(III) chelates must also be important.
In conclusion, the simple metal(III) chelate such as Co(ipt)3 acts as a complex ligand and causes the remarkable synergistic enhancement of the extraction of Ln chelate. This type of the synergism has been found by using some metal(III) chelates with different central metals(III) and ligands, and may be a rather common phenomenon.
